Introduction
The common attribute of carpentry connections is the contact interface between two or more timber members. Additional fixation elements like steel straps or stirrups can be present in carpentry connection, which can increase the performance of connection, secure stability of member position or it can also improve the distribution of forces. Considering the non-rigid, thus the elastic loaddeformation behavior of carpentry connection, the wood zone near the contact and the contact interface between wood members arise as the subject of interest in terms of structural behavior of carpentry connection. This part of the connection directly relates with distribution of acting forces and their transmission from one timber member to another.
Current standard for design of timber structures, Eurocode 5 [1] provides general rules and recommendations for the analysis and verification of structural response regarding the serviceability and the ultimate limit state. The effect of deformations of the connections shall be taken into account for the calculation of internal forces in the structure or in part of it. According to standard [1] "The influence of deformations in the connections should be taken into account through their stiffness (rotational or translational for instance) or through prescribed slip values as a function of the load level in the connection". The forces and the moments between the members determined by the global structural analysis shall be used to verify the load-carrying capacity of the connections. The deformation of the connection shall be compatible with that assumed in the global analysis.
Carpentry connections do not behave as rotationally rigid, but neither as a perfect hinges [2] , [3] , [4] . The necessity to introduce in models beside the rotational stiffness also the axial stiffness was presented by [5] . Numerical modelling presented by [6] has shown that the analysis with assumption of an infinite stiffness of the contact interface between wood members of carpentry connection results in too stiff response. In order to analyze the stiffness of carpentry joint and the sensitivity of calculated results to stiffness of the contact interface, a parametric study by means of numerical modelling was done and the results are presented in the article. joint tested by (Feio) [6] is presented. Geometry of the carpentry joint is adopted from [6] and [7] and it is described in Fig. 1 .
The position of the LVDT transducer (linear variable differential transformers) used for measuring of the vertical displacement was in the third of the brace length. Displacements of carpentry joint calculated in the numerical model correspond to vertical displacements of the points P 1 and P 2 located on the sides of brace and rafter as shown in Fig. 1 .
The FEA software package ANSYS [9] have been used for analysis. Numerical model description including the position of points P 1 and P 2 is shown in Fig. 2 . Only one half of the geometry is modelled due to the joint symmetry. Steel plates are 20 mm thick and they are constrained in all directions at the bottom side. Two solid wood members are modelled using the SOLID186 and SOLID 187 finite elements. The load is applied as pressure on the top surface of the brace member. The elastic support in horizontal direction is modelled according to [6] with the stiffness equal to 10 6 N.m -1 . The orthotropic elastic material model is adopted to define of the wood material behavior. Mechanical orthotropic are applied for wood members considering their local coordinate systems as presented in Fig. 2 . In order to compare the wood specimens tested by [6] with different data sources of wood species Castanea sativa (Mill.) (Chestnut wood) and to adopt the missing shear modulus for RT-plane, a search for mechanical properties has been performed and the wood properties are presented in Table 1 . The mechanical properties adopted in the numerical model are presented in Table 2 . 
Contact modelling
The connections between the wood-to-wood surfaces and the wood-to-steel plate's surfaces are considered as contact interfaces. The values of the normal contact stiffness adopted for the contact interface in the numerical models were determined experimentally [7] . These characteristics were determined from the compression tests on small wood specimens made of the Spruce wood (Picea Abies Karst.). The characteristics of the contact stiffness are presented in Table 3 . The surface-to-surface contact elements CONTA174 and TARGE170 [9] are used for modelling of the contact interfaces. The pure penalty method is used to define the contact, thus the interpenetration of contact surfaces occurs, what represents the displacements in contact zone. The relationship between two contact surfaces is established by contact "spring". The spring stiffness is called the contact stiffness. Formulation of the contact model is presented in Fig. 3 and defined by equation:
where: F n -normal force (force unit), or normal pressure (force unit/length unit 2 ), Δ n -penetration in direction normal to the surface (length unit), k n -normal contact stiffness (force/length) or (force unit/length unit 3 ).
The contact interface is modelled as frictionless. The contact stiffness has a unit of Force/Length 3 for three-dimensional problem, which expresses the relationship between the normal contact pressure and penetration in direction normal to surface.
Preliminary calculations and models have been developed to determine the normal contact stiffness characterizing the "rigid" contact behaviour. Wood specimens tested during the experimental investigation [7] have been modelled in this analysis. The normal contact stiffness equal to 1.5.10 4 N.mm -3 was applied for the "rigid" contact behaviour. Difference between displacements of nodes on the steel plate and the wood specimen is 0.006 mm when the value of the normal contact stiffness equal to 1.5.10 4 N.mm -3 was used. 3.9
Parametric study
The parametric study has been performed to analyse the sensitivity of the joint stiffness on the contact interface stiffness behaviour. Description of the models and parameters of the study are presented in Table 4 . In order to consider different surfaces acting in the connection and their contribution to the carpentry joint stiffness, three different types of models have been developed with index numbers 1, 2 and 3. In the 1 st model, only the partial surfaces designated in Fig. 4 as "1a" and "2" are taken into account, while the 2 nd model includes, in addition to the 1 st one, also the partial surfaces "1b" and "3", and finally the 3 rd model includes, in addition to the 1 st and 2 nd one, also the partial surfaces "1c"and "4". The values of the contact stiffness for parallel and perpendicular to the grain direction were determined experimentally and adopted in the numerical models (K C║ , K C , Table 3 ). Three different groups of models considering different contact stiffness are also calculated and denoted as R, L and H. The first group R represents the models with "rigid" contact interface with the stiffness equal to 1.5·10 4 N·mm -3 , as was already explained. The second group L are the models with elastic behaviour of the contact interface and the contact stiffness for intermediate angles of the surface normal and the grain direction (0° -90°) is calculated using linear interpolation between the stiffness for parallel and perpendicular direction. The third group H is like the group L, but the contact stiffness for intermediate angles of the surface normal and the grain direction (0° -90°) is calculated using the Hankinson´s formula:
sin cos The relationships between the contact stiffness and the load-to-grain angle are shown in Fig. 5 . The values of the contact stiffness calculated for particular contact surface are presented in Table 5 . The contact zone stiffness corresponding to the brace surfaces and the rafter surfaces is used for calculation of the normal contact stiffness inputted in the numerical model for particular contact interface by equation: The results of parametric study by means of numerical modelling are presented in Table 6 and Fig. 6 including their comparison to experimental results adopted from [6] . The comparison of the joint stiffness calculated from numerical models to the stiffness obtained experimentally [6] is presented in Fig. 7 . Comparing the results it may be seen that the stiffness calculated for the "rigid" contact interface is approximately three times higher than the experimental joint stiffness. The joint stiffness calculated using the linear interpolation is approximately 1.4-times higher than the experimental stiffness. The results calculated using the Hankinson´s formula are only 40% of the experimental value. The effect of different contact surfaces (Fig. 6, Fig. 7 ) acting in connection (index numbers of models) is considerable; however, it is very low in comparison with the influence of the contact stiffness.
A comparison of the load-displacement curves calculated from particular numerical model for positions P1 and P2 are presented in Fig. 6 . As explained before, the position P1 is located on the brace member and position P2 on the rafter member. Displacements of point P2 are caused by the displacements in the contact between the rafter and the steel plate support, and by deformations of wood of the rafter. Displacements of point P1 are displacements corresponding to point P2 plus the displacements in contact between the brace and the rafter and deformations of rafter.
In Fig. 7 , three different groups of the results are shown. The first and the second group represent the results of the experimental test of traditional carpentry joint and the results of numerical model, respectively, both presented by (Feio) [6] . The third group shown in Fig. 7 represents the results of numerical model presented in this paper. As presented by (Feio) [6] , the mark in figures stiffness "K infinite " represents the result of the numerical model with the infinite stiffness of the contact interface. Comparing the numerical models developed by [6] to the models presented in this paper, very good match is observed in the case of models with the "rigid" contact interface. The maximum horizontal reaction calculated for the elastic support is 0.68 kN when the maximum applied vertical load was equal to 97.5 kN. Displacements in vertical direction caused by the contact between the rafter and brace in the carpentry connection are approximately equal to difference between the displacements of point P1 and P2. In the case of the models with rigid contact interface (models "R"), the displacements occurred in the contact between the brace and rafter are approximately equal to 0.5 -0.7 mm, what is 50 -60 % of the total displacements calculated in the point P1. In case of the models "L", the displacements occurred in the contact between the brace and rafter are higher due to the softer contact behavior. They are approximately equal to 0.8 -1.2 mm, what is 35 -45 % of the total displacements calculated in the point P1. For the models "H", with the lowest values of normal contact stiffness inputted for the contact interface, the displacements occurred in the contact between the brace and rafter are approximately equal to 5.0 -8.5 mm, what is 80 -85 % of total displacements calculated in point P1. As could be expected, the difference between displacements of points P1 and P2 increases with the decreasing contact stiffness.
Comparing the difference between displacements of points P1 and P2 with the total displacements in point P1, it can be seen the influence of the relationship applied for the contact stiffness calculation. This influence is related to the geometry of two different contact interfaces: the contact between rafter and brace, and the contact between rafter and supporting steel plate. The angle between the contact surfaces normals and the grain direction are lower in case of the rafterbrace contact surfaces. On applying the linear relationship and the relationship defined by the Hankinson´s formula for the calculation of the contact stiffness of the contact surfaces between rafter and brace, the higher contact stiffness is calculated using the linear relationship. On the other hand, equal values of the contact stiffness are calculated for the rafter-steel-plate contact, since the contact surface normal is perpendicular to the grain direction. Consequently, the ratio of the displacements caused by the compression in the rafter-brace contact surface to the total displacements in point P1 are approximately 35 -45 % in case of model "L" and 80 -85 % in case of the model "H".
Comparing the displacements presented in Fig. 6 and Fig. 7 , it is indicated that the normal contact stiffness may be calculated according to the relationship, which curve should probably fit between the linear and Hankinson´s curve in Fig. 5 .
As already mentioned, comparing the value of contact zone stiffness evaluated from the experimental [7] tests to the load-displacement relationships determined from the compression tests perpendicular to the grain presented in literature [10] [11] , an influence of the surface roughness and unevenness on the experimental results is indicated. The value of contact zone stiffness equal to approximately 2 N·mm -3 supposedly results from the non-uniform stress distribution on the specimens surfaces as a consequence of the surface roughness and unevenness contrary to the assumption of evaluation model, which has the whole area of specimen's contact surface is uniformly loaded and deformed. This difference indicates the necessity to determine the stiffness behaviour of the wood contact on specimens loaded locally at relatively small area. As presented by the authors, the penetrations of 0.10 inch (2.54 mm) are sufficient to determine the slope of this straight-line portion of the curve. The slope of the straight-line portion of the loadindentation curve was determined near the penetration of 2.54 mm and was used for evaluation of the hardness modulus. Selected results adopted from the research report are presented in Table 7 , where the original characteristics evaluated in imperial units are converted into metric units. Since the elastic response was evaluated as a relationship between the force and indentation (hardness modulus), the hardness modulus (N/mm) is used here for calculation of the stiffness K dividing by the contact area (mm 2 ) resulting from the Hertzian theory of elastic contact. The radius "a" defining the circular contact area is assumed in the calculation, as shown in Fig. 8 . The relationship between the Janka hardness and the hardness modulus based on results of the tests presented by the authors of the research report, is shown in Fig. 9 . The stiffness of spruce wood contact loaded perpendicular to the grain is equal to 8.5 N.mm -3 , if the relationship defined in Fig. 9 and the hardness of spruce wood equal to 18 MPa [13] are adopted for calculation. In case of the chestnut wood, the normal contact stiffness for direction perpendicular to the grain is equal to 14.5 N.mm -3 . This value is also calculated using the relationship shown in Fig. 9 assuming the hardness of the chestnut wood equal to 3070 N. The hardness for chestnut wood species is adopted from [14] . The values of the normal contact stiffness for direction perpendicular to the grain, which were calculated using the relationship between the side hardness of wood and hardness modulus, were adopted in numerical model H2, (H2b, H2c).
The first value of the normal contact stiffness for direction perpendicular to the grain is equal to 8.5 N.mm -3 , which is adopted in the numerical model "H2b". The second value of the normal contact stiffness for direction perpendicular to the grain is equal to 14.5 N.mm -3 and it is adopted in the numerical model "H2c". The Hankinson´s formula has been used for calculation of the contact stiffness for intermediate angles of the load-to-grain direction between (0 -90)°, as shown in Fig. 10 . The calculated values of the normal contact stiffness, which correspond to particular contact surfaces, are presented in Table 8 . The results evaluated from the models "H2b" and "H2c" are presented in Fig. 11 and Fig. 12 . The joint stiffness calculated from the model "H2b" and "H2c" is equal to 33.5 kN·mm -1 and 43.6 kN·mm -1 , respectively. Comparing the calculated stiffness from the model "H2b", to the experimental stiffness presented by (Feio) [6] , a very good match is obtained. The joint stiffness calculated from the model "H2c" is 1.45-times higher than the experimental stiffness. For the model "H2b", the displacement that occurred in the contact between the brace and rafter is 73 % of the total displacements calculated in point P1. In the case of model "H2c", the displacement that occurred in the contact between the brace and rafter is 70 % of the total displacements calculated in point P1. Considering the initial joint stiffness (0.1~0.4F max ) and the higher joint stiffness obtained after unloading and reloading, what is commonly observed for timber joints due to consolidation of wood in the contact, the joint stiffness calculated from the model "H2c" is not observed as a huge difference. In order to verify the influence of the contact stiffness in direction parallel to the grain on the carpentry joint stiffness, two additional calculations of the numerical model "H2b" have been performed. In the first additional calculation of the model "H2b", the contact stiffness was assumed as double, equal to 229.5 N.mm -3 , and the joint stiffness was increased only by 3 %. In the second additional calculation of the model "H2b", the contact stiffness was adopted with half value, equal to 57.3 N.mm -3 , and the joint stiffness was decreased only by 4 %. The influence is very low and relates to the relationship adopted for calculation of the contact stiffness for the intermediate angles (0 -90)° as the angle between the normal of the contact surface and the wood grain direction is relatively high for most surfaces; the lowest is equal to 20°. Summarizing the presented numerical analysis and the case study of the experimental tests of traditional carpentry joint, a significant sensitivity of the joint stiffness on the contact stiffness adopted in calculation is obtained. The rigid contact behaviour adopted in calculations resulted in more than triple stiffness of the carpentry joint comparing to the experimental joint stiffness. The results obtained from numerical modelling showed good match, when the elastic contact interface was adopted and the contact stiffness for perpendicular to the grain direction obtained experimentally was increased.
Conclusions
To approximate the load-displacement behaviour of the wood specimens tested during the experimental investigation, the numerical modelling was performed. Numerical models of the wood specimens were created using the contact elements for approximation of its stiffness. The applied modelling method establishes the contact between two surfaces by elastic springs with the stiffness called the contact stiffness. Comparison of the calculated results and the experimentally determined results has shown a good agreement.
The experimental test of traditional carpentry joint was presented as the case study. The elastic stiffness of traditional carpentry joint was the scope of the numerical modelling and no failure criteria was adopted into the model. The values of contact stiffness adopted in the numerical model have been determined during the experimental investigation. The results obtained from numerical models have shown significant sensitivity of the joint stiffness on the stiffness of the contact interface adopted in calculation. The calculated displacements for the contact between timber members in carpentry connection represented more than a half of the total displacements of carpentry joint. Comparison between the presented models and models presented by (Feio, 2005) [6] showed almost equal joint stiffness when the "rigid" contact interface was adopted in the model. The joint stiffness calculated adopting the "rigid" contact interface is significantly higher compared to the results presented in the case study (Feio, 2005) [6] . Significantly low value of the contact stiffness for the perpendicular to the grain direction has been obtained during the experimental investigation. It obviously resulted in low stiffness calculated by numerical model.
For this reason, the stiffness of wood contact loaded perpendicular to the grain based on hardness modulus was introduced in numerical models. The relationship between the hardness modulus and the Janka hardness according to [12] was adopted for calculation of the contact stiffness in perpendicular to the grain direction. The results obtained from numerical modelling using these values of the contact stiffness in the perpendicular to the grain direction provided a good agreement with the experimental results [6] .
